After briefly recalling the main problems that arise in the study of globe valves for alternative pumps, a methodology has been set up in order to refine the design. The obtained method has the advantages of simplicity and independence from empirical diagrams. In summary, from the obtained equation, the suitable values of the parameters can be deduced, based on the assigned data (capacity Q 0 and number of rounds n) of all the dimensions of the valve or of the valves. Depending on the parameter values, it is possible to identify the most suitable kind of valve: a single dish-shaped valve, a ring valve, a valve with several rings or a group of valves.
Introduction
Automatic valves for suction and delivery are the most important components of a piston pump, since the wear and locking of a valve, in addition to greatly reducing capacity, can also cause serious deformations of the piston rod. Therefore, it is necessary to design such mechanical components with care and with the use of high-quality materials [1] [2] [3] [4] .
Regarding the type of valve which should be used, it is possible to provide only indicative data: valves with a conical seat, having no return springs, are suitable for low flow and low speeds. By increasing the capacity, valves with multiple seats must be used, and for high rotating speeds, it will be necessary to use return springs, which allow a more rapid closure, improving volumetric efficiency. To prevent the leakage of the liquid through the passage hole for the rod of the plunger, stuffing boxes with flexible seals are generally used, fixed at the end part of the cylinder or added there with a series of bolts [5] [6] [7] [8] [9] [10] .
In the annular cavity surrounding the rod, rings of hemp or asbestos graphite are inserted, which are then compressed by the mobile collar, properly tightening the bolts that attach it to cylinder. The rings adhere more or less strongly to the piston rod, limiting fluid outflow; the adjustment of the bolts must be very accurate because over-tightening may cause the heating of the rod and of the packing gland, while tightening too weakly can cause a substantial loss of liquid and thus a decrease of the volumetric efficiency [11] [12] [13] [14] [15] [16] .
A complete methodology for the sizing of the control valve passes through the definition of its size and its degree of opening during the design capacity. As a first approach to a "default", it is necessary to choose a size of valve with a nominal diameter minutely smaller than the diameter of the line. In any condition, it is possible to use a "line size" valve. This choice identifies the capacity coefficient (commonly known as CV) of the valve. The CV full opening of a control valve is the number of US gallons/minute that flow through the considered valve with a pressure drop of 1 psi. The load losses in the valve are regulated by the degree of opening that the valve has in its design capacity. The opening fraction (expressed in formulas) is the ratio of the actual CV and full opening CV. Normally, this value is chosen (computed with design capacity) between 60% and 90% [17] .
In the study of the motion of a piston pump valve [18] [19] [20] [21] [22] [23] , it is necessary to take into account three speeds: -the v of the fluid, which depends on the load loss corresponding to the passage through the valve; -v , which affects the water pressure acting against the dish-shaped valve; -and the v v of the dish-shaped valve of the considered system.
Further, it is necessary to consider also the diagrams of the valve lift depending on the crank and the piston position; in a first approximation, these diagrams can be reduced to very simple schemes.
Finally, it is interesting to show that the maximum valve opening depends on the pump capacity but not on individual factors (run, area of the piston and number of the round of the crank), singly considered, that determine the pump capacity.
Of all these issues, very little is reported in the current literature. Therefore, in this study, we will proceed by beginning to establish, in an approximate way, the relationships between the main variables that influence the considered phenomenon.
Subsequently, corrections have been performed, aimed at determining the best operating conditions of the valves considered.
Preliminary Analysis
Before getting started, an approximate analysis has been performed, and corrections have been added afterwards in order to lead to a precise representation of the considered phenomena.
As an example, we can consider the pump in the delivery phase ( Figure 1 ) with ω = const. If the obliquity of the connecting rod is neglected, the stroke s of the piston is given by s = −r· cos ω·t (1) Knowing that u = ωr, the velocity of the piston can be written as follows
Furthermore, naming F as the piston surface, the instantaneous capacity, Q, will be
If h is the height at the instant t, δ the angle of the seat and l the peripheral development of the hole (Figure 2) , the cross-section f of the latter will be, at the instant t,
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As an example, we can consider the pump in the delivery phase ( Figure 1 ) with  = const. If the obliquity of the connecting rod is neglected, the stroke s of the piston is given by s = −r·cos  ·t (1) Knowing that u =  r, the velocity of the piston can be written as follows
Furthermore, naming F as the piston surface, the instantaneous capacity, Q, will be = sin
If h is the height at the instant t,  the angle of the seat and l the peripheral development of the hole (Figure 2) , the cross-section f of the latter will be, at the instant t, Then, if v is the theoretical speed of the water through the hole and  the flow coefficient, this will result in the following:
From (3) and (5), we immediately obtain
and for (4)
If now it is assumed in first approximation that ·v is constant, this will also be true for the coefficient of sin at the second member of (7), a coefficient which gives the maximum height hmax occurring for  =  /2; then, (7) can be written
Using Formula (8), reporting the angles  on the x-axis and the height h on the y-axis, we obtain a sinusoid with amplitude hmax. From (1), it is possible to obtain
= −cos
While from (8) we obtain
Thus, by squaring and summing we will obtain the relationship:
In addition, reporting the distances travelled by the piston starting from the midpoint of its curve on the x-axis and the risers of the valve on the y-axis, we obtain an ellipse, with axes r and hmax. Then, if v is the theoretical speed of the water through the hole and µ the flow coefficient, this will result in the following:
F·u· sin φ = f ·µ·v (6) and for (4)
If now it is assumed in first approximation that µ·v is constant, this will also be true for the coefficient of sin φ at the second member of (7), a coefficient which gives the maximum height h max occurring for ϕ = π/2; then, (7) can be written
Using Formula (8), reporting the angles ϕ on the x-axis and the height h on the y-axis, we obtain a sinusoid with amplitude h max . From (1), it is possible to obtain
While from (8) we obtain h h max = sin φ Thus, by squaring and summing we will obtain the relationship:
In addition, reporting the distances travelled by the piston starting from the midpoint of its curve on the x-axis and the risers of the valve on the y-axis, we obtain an ellipse, with axes r and h max .
It is clearly possible to see that, in this first approximation, the valve should open and close precisely in the instants in which the piston is located at the dead points. Now, it is possible to show easily the expression of the section f max of the valve's maximum opening. In fact, from (6) we obtain
and
will be f = π·F·n·r sin φ 30·µ·v (11) but
and then
from which
Thus, for the supposed constancy of µ·v, it is possible to demonstrate the assumption that f max (and therefore h max , with parity of l) depends on the product valve F·n·r (=30 Q 0 ) and not from each of the factors considered, F, r, n. Now,
where T is the spring load on the dish-shaped valve, G is the weight of the valve, γ 1 is the specific weight of the pumped liquid and γ is that of the material of which the valve is made. The product G (1 − (γ 1 /γ)) is the reduced weight of the valve from the hydrostatic thrust (we suppose the valve moving vertically) and P, in absolute value, is the thrust of the water on the considered valve. Since T is a function of h, the same thing will happen for P, with f 1 indicating the area of the section of the valve in the plane of the seat, approximately equal to the surface of the valve, which is
The ratio (P/f 1 ) is expressed in atmospheres. Formula (16) gives the pressure in N/m 2 . Pressure b corresponds, in known different conditions, to the theoretical speed of outflow:
for which the actual value through the valve hole can be put,
indicating µ p , a particular flow coefficient determined experimentally and which depends on the type of valve considered. Then,
in comparison with (5) gives
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The hypothesis of the µv constant implies therefore that µ p ·v is constant. On the other hand, with f being the area of the outflow aperture hole, the following must be true:
with f and Q variables, however, for µv constant must be Q/f constant Assumed known µ p from (18) we obtain
which allows us to deduce b, if Q is known. To keep Q constant, the product must obviously be bµ 2 p . Then, the velocity v v of the valve, is obtained from (8):
which explains that the speed of the valve reported on the ordinate in the function of the time (or of the angles φ) gives rise to a cosinusoid. Formula (22) also indicates that, for φ =0 and for φ = π, v v = 0, so that the valve opens and closes with finite speed; i.e., with shock.
Additional Effects and Their Influence
Establishing the basic relationships on the motion of the valve and the water through it, on the basis of this simple hypothesis, it is possible to perform a closer examination by introducing some important corrections such as the piston effect of the valve, the variability of the product µv, the obliquity of the connecting rod, etc.
As regards the plunger effect of the valve, we examine v s , and v v in the function of φ, supplied respectively by (2) and (22) .
For φ < π/2, in the infinitesimal time dt, the plunger will tend to push the volume Fv s dt over the valve. Then, the valve, in the phase of turning away from the seat, will generate, upstream of the outflow aperture hole, the volume f 1 v v dt, so that not all of the water pushed by the piston is able to pass through the free hole.
Conversely, per φ > π/2, the valve will be coming closer to the seat and it forces to go through the clearance hole, not only the volume Fv s dt driven by the piston, but also the f 1 v s dt pushed by it.
Since these volumes, for the constancy of F and f 1 , are proportional to v s and v v , it is easy to obtain the values of the instantaneous flows that pass downstream of the delivery valve. From these results, the simplifying assumptions made about the motion of the valve lead us to admit that for very small φ, the valve is in an opening phase while the liquid passes from downstream to upstream of it, which is impossible, because of the occurrence of a pressure that forces the valve to move in the opening direction.
Therefore, the delivery valve remains closed until φ not has reached a certain value, which is also rather small. Further, the delivery valve cannot take place for exactly φ = π, but must occur with a determined delay. Therefore, we have to evaluate this delay, and hence the speed with which the collision takes place, during the closure of the delivery valve. Then, we compute the volume that passes through the free span in the time unit with the difference between the volumes generated by the piston and by the valve, and in such a condition, we determine the instantaneous valve lift. Therefore, we will have the relationship f ·µ·v = F·v s − f 1 ·v v from which, substituting at f the value from (4), at v s the value from (2) and at v v the value from (22), we get 
Now, the coefficient of sinφ in the (7) is h max so we can write the following:
from which it is possible to obtain the angular delay ψ, as that value of φ at which h = 0. This should, however, proceed as follows. Deriving the (23) respect to time, it is possible to obtain a new expression, approximated in a better way, of the valve speed:
µ·v·l· sin δ ·ω· sin ϕ from which we obtain the impact speed in the closure phase:
Assuming that such a delay is small enough, sin(π + ψ) =0 and cos(π + ψ) = −1 may be assumed; with that, (24) reduces to the simple relation v c = −ω·h max (25) which for (7), (8) and (19), becomes, with u = ω·r,
The kinetic energy dissipated in the impact, named M the valve mass, it will then be for (26)
Referring this force at the section of the valve, with G being the weight of the valve, will get the additional relationship 1 2 M·v (28) in which the correction factor ξ 1 , takes into account the water dragged by the valve.
Placing (πn/30) for ω and taking account of (12) and (19) occurs after a few steps:
Now this specific force has not to exceed a determined value, so that the impact in the closure phase is not very violent, to put in a short time, out of the work the valve; on the other hand, it is necessary that the same living force is not too small, otherwise too large valve dimensions are obtained.
It is therefore appropriate that it has an almost constant value. Welding together all of the numeric values in this constant, it is appropriate to set (30) with C·sinδ = 1.3 ÷ 1.9, as experience suggests conservatively. In Formula (30), Q must be expressed in L/s, f 1 in cm 2 , b in m of water column, and l in cm, and it is possible to note that, if a given valve has operated satisfactorily in a pump with flow Q 0 and number of rounds n, it will be able to work equally well in any other pump in which the product Q 0 n is the same value.
Meanwhile, from (6), we obtain f = F·u· sin φ µ·v and then f max = F·u µ·v but u = (π·n·r)/30 and f max = h max ·l·sinδ are then, on basis of (12),
Then, it is possible to set
and repeat for the value of the product n·h max what was said for Q 0 n: the valve will work in the same way (equally good or bad) for the same value of the product n·h max . However, because it is necessary that by varying h max , Q 0 does not change, it is necessary to change h max only within small limits that ensure that the load on the valve does not alter simultaneously. While the (30) is useful for the completely new design of a valve (this case happens very rarely), the considerations relating to the products Q 0 n and n·h max are extremely useful for the adaptation of valves already designed for load conditions which are rather different to those assigned.
Design Method
To design a valve, it is therefore necessary that, given the pump capacity Q 0 , it is possible to obtain f max from the relationship (14) after fixing a convenient value for µ·v based on the following data and criteria: observing that µ·v must be lower for small prevalences. Obtaining the f max value, it is necessary to split this value into the two factors h max and l, setting preferably h max so that it is still possible to perform when the type of valve is simply chosen based on available data related to valves already built of the same type. If these data are not available, it is possible to follow the following indications.
For φ = π/2, the valve has zero speed, as shown by (22); so, the piston effect being null, it is possible to use the formulas of the elementary theory first established with full accuracy, without the effect considered. Then, the variable light will actually be at its maximum aperture f max (corresponding to the maximum value h max of the lift), and only the water displaced by the piston will pass through this.
For φ = π instead, the valve will still have a lift h 0 that can be calculated on the basis of the hypothesis of the constancy of the outflow speed µ·v since, stopping the piston, water will pass through the corresponding opening of the valve (pumped from the valve considered) providing the speed as reported in (22) . The above-mentioned hypothesis allows us then to suppose that the risers h 0 and h max are proportional, respectively, to the instantaneous flow f 1 ·v vmax and f max ·v, and this therefore allows us to write, on the basis of (22),
In the case, e.g., of a ring valve with a mean diameter d m = (d e + d i )/2 and a radial width a = (d e − d i )/2, the following will be true:
On the other hand,
from which (32) becomes
Now, experience has shown the following can be accepted from handbooks [24, 25] :
Thus, (35) leads to the relationship
in which a is expressed in m, with v being expressed in m/s. Wanting to express a in cm, it is necessary to write π·a·n
That is,
with k ranging between 30 and 100. Assigning n, and µ·v being already fixed, as has been said discussing (14) , Formula (38) allows us to establish a/sinδ so that, in the case of the ring valve, if it is accepted that the speed in the section (π/4) (d e 2 − d i 2 ) = π·a·d m is equal and that f max = 2·π·d m ·h max ·sinδ (see (33) and (34)), its value is 2·h max .
In fact, it has to be Q 0 = µ·v·π·a·d m = µ·v·2π·d m ·h max · sin δ and from the equality of the last members,
Replacing the precedent in (38), we have 2·h max ·n µ·v = κ and then h max = κ· µ·v 2·n (40) As either a and d m do not appear in (40) , it is also true in the case of the valve that is possible to verify this by placing a = d m = d/2 in the previous formulas.
It is necessary to show that the method shown has the merit of the simplicity and independence from empirical diagrams (such as those of µ p , etc.), but it is not sure that the limits set for the κ in (40) are valid in general for all types of valves.
Summarizing from (14) and (40), with v and k suitably chosen, on the basis of the data Q 0 and n, all the dimensions of the valve or of the valves can be deduced. Depending on whether l = (f max )/(h max sinδ) results in a small or large value, we will choose, in order, a single dish-shaped valve, a ring valve, a valve with several rings or a group of valves. This may require some testing, and it is clear that for the dish-shaped valve and for that with a single-ring, we obtain, respectively,
In the case of the ring, the knowledge of d m is not sufficient, but because it is necessary to know d e and d i , or a, it is possible to use the relationship between the value obtained in identifying the speed in the light constant with that in the light variable, namely supposing (39) is valid or assuming the a value to be somewhat larger, for reasons of working as well as to reduce friction losses.
Numerical Simulation
To better understand the working of the considered dish-shaped valve, two numeric simulations were performed for the scheme reported in Figure 2 , considering two operating conditions, relating to two positions of the dish-shaped valve: case 1, with a plate opened with only 3 mm of lift; case 2, with the plate open with 10 mm of lift, considering a pump working with water at the standard pressure.
Therefore, the flow inside a pipe was examined, partialized by a considered plate-shaped valve. All simulations were performed with the commercial code FLUENT. The time integration step has been chosen so as to ensure the fulfillment of the stability constraints of the numerical scheme used. These methods were applied also in other papers [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] .
For this application, we chose a case where the Reynolds number was based on the pipe diameter, D, and the maximum speed u max inside the pipe is 400. The simulation of the equations was carried out without the addition of filters or turbulence models. The resulting field, shown in the following figures, is, therefore, the result of a numerical integration of the Navier-Stokes equations. The numerical models' mesh for the considered cases are reported in Figures 3 and 4 . In Figures 5 and 6 , characterized by a valve opening of 3 mm, the horizontal and vertical velocity components for case 1 are reported. It can be noted how the valve induces a substantial change of the flow within the pipe. This condition also corresponds to the greater loss of pressure of the flow and the maximum load condition among the considered configurations. In Figures 7 and 8 , characterized by an opening of the valve of 10 mm, the horizontal and vertical velocity components for case 2 are reported. In this condition, the flow lines show the spatial structure of the motion field inside the pipe.
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Conclusions
In this paper, a methodology to refine the design of a delivery valve for hydraulic pumps has been set up to examine the problems that arise in the study of dish-shaped valves for alternative pumps. The obtained method has the advantage of ease of use and does not depend on empirical diagrams. On the basis of the different equations obtained, with the parameter values suitably chosen, it is possible to deduce, based on the data assigned (capacity Q 0 and number of rounds n), all the sizes of the considered valves. Depending on the considered parameter values, it is possible to choose, in order, a single dish-shaped valve, a ring valve, a valve with several rings or a group of valves.
Further, to better understand the working of the pump dish-shaped valve, two operative conditions have been considered, with valve openings of 3 mm and 10 mm, evaluating the motion field obtained.
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